Introduction
Despite dramatic advances in surgical technique, imaging, and adjuvant radiation therapy or chemotherapy, the prognosis for patients with malignant glial tumors remains poor. 1, 2 The median survival following diagnosis of glioblastoma multiforme (GBM), the most common and aggressive subtype of malignant glioma, is under 1 year, with a 2-year survival rate approaching zero. 3 The dis-seminated nature of these neoplasms makes current therapeutic interventions highly ineffective at eradicating all residual intracranial tumor reservoirs. This leads to near universal tumor recurrence that, in turn, contributes to the lethality of this disease. The development of a successful treatment modality for malignant brain tumors will center on devising a means of eliminating all intracranial neoplastic foci left behind after surgical resection of the primary tumor mass. This is a daunting task, given the highly disseminated nature of the disease process and our current inability to adequately visualize and therapeutically target every remaining tumor cell. However, treatment approaches aimed at using the body's own immune system to combat intracranial neoplasms hold promise for achieving this objective. As demonstrated in numerous experimental settings, [4] [5] [6] [7] therapeutic strategies that that aim to stimulate immune recognition and clearance of glioma cells have the potential to generate powerful immune-mediated killing of all intracranial neoplastic foci. Many approaches toward bolstering antitumor immunity using a variety of immunostimulatory therapies have been tested in rodent brain tumor models. Although many of these strategies have proven highly effective in animals, their translation into human patients has not been as successful. Nevertheless, promising data have been presented in the literature, and numerous clinical immunotherapy trials for patients with malignant brain tumors are currently underway. We discuss various immune-mediated treatment approaches for gliomas as well as the relevance of recent clinical trials and their outcomes.
Relevance of Immunotherapy to the Treatment of Malignant Glioma
Oncogenesis and immune suppression are likely to be closely interlinked processes. It has been theorized that clearance of transformed neoplastic cells may be a routine physiological function of the normal, noncompromised immune system. This phenomenon, known as immune surveillance, is thought to be an evolutionary mechanism largely mediated by natural killer (NK) cells and to a lesser extent by cytotoxic T cells, that may serve to eliminate neoplastic cells that arise spontaneously due to genetic mutations or other oncogenic signals. 8, 9 Cancerous cells that successfully evade this initial immune killing are then able to subsequently propagate into established tumors. As they proliferate, these tumor cells accumulate additional mutations secondary to Darwinian selection, which may confer additional immuno-evasive survival advantages on the growing neoplasm. Consequently, by the time the tumor is clinically detectable, it has developed potent immunosuppressive qualities that enable it to depress host antitumor immunity. This may be particularly relevant in patients with malignant gliomas, who demonstrate significantly impaired immune function (Fig 1) . 10, 11 These defects include depressed peripheral T-cell responsiveness, as evidenced by cutaneous anergy to tumor antigens or nonspecific mitogens, 10, 12, 13 as well as depressed T-cell receptor-mediated signaling. 14 In addition, gliomas are associated with overall lymphopenia, [15] [16] [17] depressed antibody production, 18, 19 and impaired antigen-presenting cell (APC) function. 20, 21 It is postulated that many of these systemic immunosuppressive effects are mediated by tumor-expressed chemokines, possibly transforming growth factor beta (TGF-β), 22, 23 prostaglandin E 2 (PGE 2 ), 24, 25 certain gangliosides, 26, 27 and/or interleukin-10 (IL-10), [28] [29] [30] although evidence exists that a 
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Decreased secretion of IL-12 resulting in blunting of antitumor Th1 T-cell immunity significant portion of the immune-depressing effect may be associated with an additional, as of yet unidentified, glioma-secreted soluble factor. 31 In addition to inhibiting systemic antitumor immune activity, gliomas may also impair tumoricidal immune responses within the local tumor microenvironment. Glioma cells may downregulate their surface expression of major histocompatibility complex (MHC) molecules, 32 thereby depriving infiltrating immune cells of signals necessary for recognizing and clearing tumor cells. Localized deregulation of antitumor immunity is also evident in the polarization of the majority of glioma-infiltrating T cells toward a Th2 state of activation, at the expense of a Th1 response that is necessary for effective cell-mediated killing of neoplasms. 33 In addition, gliomas may induce the localized expression of certain proteins such as Fas ligand (FasL) that may inhibit the translocation of tumoricidal T cells into and through neoplastic tissue. 34 Recent evidence also indicates that gliomas may induce the upregulation of FasL on tumorassociated endothelium, thereby hindering translocation of antitumor T cells across vascular epithelium. 4, 35 It has long been recognized that boosting otherwise impaired tumor-specific immune responses can successfully eradicate neoplasms in experimental rodent models of intracranial glioma. 4, 5, 7, 36 Immunotherapeutic approaches aim to bolster the arms of the immune system that have been affected by tumor-induced suppressive factors. Conceivably, if effective, a therapeutically relevant immune-mediated treatment strategy for glioma should successfully overcome tumor-associated immunosuppression to the extent that the immune system can adequately recognize and clear all residual neoplastic foci within the brain following surgical resection of the primary tumor mass. This would minimize the risk of tumor recurrence and therefore improve long-term survival. However, translation of these strategies into clinical scenarios has not duplicated the successes of the preclinical phase. In general, this underscores the complexity of treating an advanced malignant process in a poorly controlled clinical setting as opposed to the closely controlled therapy imparted in the laboratory. Despite the mixed outcomes, clinical trials have generated important data regarding immune system function and modulation in the setting of intracranial glioma, which can serve as a framework for further refining of future immunotherapeutic approaches. In the field of brain tumors, the term immunotherapy has been used widely and encompasses passive strategies utilizing immune molecules such as antibodies or cytokines as tumor-toxic vehicles or chemokines, as well as active strategies such as tumor cell-based or APC-based vaccination strategies that stimulate endogenous antitumor T-cell responses. In general, these various approaches can be divided into the following broad categories: passive serologic immunotherapy, adoptive cell transfer, cytokine therapy, and active cellmediated immunotherapy.
Passive serologic therapy involves the use of monoclonal antibodies, usually conjugated with a tumor-toxic payload, that are targeted against antigens expressed in abundance on cancerous cells. Adoptive cell transfer in the setting of gliomas has generally involved the transplantation of nonspecific lymphokine-activated killer (LAK) cells in patients with malignant brain tumors. Cytokine therapy utilizes either the intravenous or intratumoral administration of immunostimulatory chemokines with the aim of either causing direct toxicity to tumor cells, enhancing their immunogenicity, or directly supporting otherwise depressed antitumor cell-mediated immune responses. In contrast to these earlier strategies, active immunotherapy aims to promote effective tumorspecific cell-mediated immunity. This is achieved by sensitizing either endogenous APCs or naive T cells to tumorexpressed antigens. Successful active vaccination results in the expansion of cytotoxic T-cell clones specific for certain tumor antigens that are then able to exert their effector function by targeting and eliminating neoplastic cells. Apart from successful eradication of the entire tumor burden in experimental glioma models, 5,37 active immunotherapy can also confer long-term immunity against tumor, a cardinal sign of a successful acquired immune response. 37 In general, there has been accumulating evidence that of all these approaches, discussed in detail below, active immunization may be the most relevant and effective immunotherapeutic modality for malignant brain tumors, given its potency, ability to stimulate effective antitumor T-cell immunity and the capacity to produce longterm immune memory.
Passive Serologic Immunotherapy
The use of antibodies to specifically target tumor cells represents a potential means of selectively treating neoplastic infiltrates within normal tissue. Theoretically, a highly specific monoclonal antibody could be designed to recognize a cell-surface epitope exclusively expressed on cancerous cells. This antibody could be conjugated with a toxic payload, such as a radioactive isotope, which could then be selectively delivered to tumor cells with minimal toxicity to normal tissue. Additionally, an antibody could be designed to neutralize a tumor-specific cell-surface receptor controlling downstream signaling pathways essential for neoplastic cell survival. However, in the setting of intracranial gliomas, this strategy has several key limitations. The first is the difficulty in definitively identifying a prominent cell surface protein that is ubiquitously expressed on malignant glioma cells but not on normal brain tissue. Many antigens have been identified whose expression is clearly upregulated in brain tumors, but none are exclusive to glioma, and therefore their use as an antibody target would endanger normal brain cells. Additionally, any tumor-specific antigen identified for this pur-pose would have to exhibit stability of expression (eg, lack of shedding or internalization prior to antibody binding), and a minimum density (≥1 × 10 5 molecules per tumor cell) in order for antibody-mediated targeting to have a viable therapeutic effect. 38 Antigens on human gliomas that have been clinically targeted in this manner include a nondefined "glioma-associated antigen," 39, 40 neural cell adhesion molecule, 41, 42 the chondroitin sulfate proteoglycan, 43 tenascin, 43, 44 wild-type epidermal growth factor receptor (EGFR), 45, 46 and a glioma-associated mutated form of EGFR designated as EGFRvIII. 47 Of these strategies, the most significant have involved the targeting of tenascin and EGFR.
Tenascin
Tenascin is one of the most extensively targeted gliomaassociated antigens. In malignant brain tumors, tenascin is principally elaborated as an extracellular matrix protein, and its deposition has been detected in up to 90% of all gliomas. 48 Riva and colleagues 44, [49] [50] [51] [52] [53] have described the use of two monoclonal anti-tenascin antibodies, BC-2 and BC-4, in clinical trials. BC-2 was conjugated to 131 I and administered via an indwelling catheter into postresection tumor cavities in patients with newly diagnosed as well as recurrent grade 3 and 4 gliomas. BC-4 was linked to yttrium-90 ( 90 Y), a pure beta radio emitter, and infused directly into the tumor bed or postresection tumor cavity. These scenarios yielded no major systemic or central nervous system (CNS) toxicity, although up to 69% of patients did develop human antimouse antibodies (HAMA) in a dosedependent fashion. 44 Even though the HAMA responses were not associated with any overt allergic or anaphylactic symptoms, their presence could potentially impart a limiting effect on any therapeutic benefit derived from antibody-mediated glioma immunotherapy. Recently Cokgor et al 54 and Bigner et al 55 have conducted escalateddose clinical trials with a 131 I-labeled 81C6 monoclonal anti-tenascin antibody that have yielded encouraging results. Thirty-four recurrent or metastatic brain tumor patients who had received initial surgery and external beam therapy were administered a single antibody dose directly into the postsurgical tumor cavity. Resulting median survival times were reported by the authors to be significantly longer than those associated with conventional surgery, high-dose rate brachytherapy, stereotactic radiosurgery, or external beam radiotherapy with carmustine wafer implantation. 55 An additional phase I trial by the same group involving newly diagnosed glioma patients with no prior radiation or chemotherapy also resulted in minimal toxicity and encouraging median survival rates (79 weeks for all patients with glioma and 69 weeks for those with GBM). 54 These studies were then extended into a phase II trial that again demonstrated encouraging treatment-related median survival (86.7 weeks for all patients with glioma and 79.4 weeks for those with GBM), although therapy was associated with hematologic and neurologic toxicity in 27% and 15% of patients, respectively. 56 These promising results illustrate the potential utility of antibody-mediated glioma immunotherapy. However, issues related to HAMA responses in treated patients and long-term toxicity issues secondary to direct infusion of high-dose radioisotopes still represent important problems associated with this approach. Additionally, the fact that tenascin in gliomas is largely an extracellular protein indicates that it may not be the best candidate for specific targeting of intracranial glioma cells.
Epidermal Growth Factor Receptor
Another target utilized for antibody-mediated therapy in glioma is EGFR, a transmembrane glycoprotein with an extracellular domain ligand binding site for either EGF or TGF-α. EGFR is widely expressed in the body, particularly in epithelial cells in the liver. 57 With regard to gliomas, EGFR expression increases with grade and is immunohistochemically detectable in 27% to 57% of low-grade astrocytomas and in up to 90% of GBM. 48 An initial trial by Kalofonos et al 45 using intravenous or intracarotid administration of anti-EGFR or anti-placental alkaline phosphatase antibodies in 10 patients with GBM reported no association between outcome and therapy. Subsequently, a more comprehensive phase II trial used a 125 I conjugated monoclonal anti-EGFR antibody designated MAb 425 in patients with high-grade gliomas following surgery and external beam radiotherapy. 46, 58 Therapy was associated with relatively low toxicity and no reported development of human antimouse antibody (HAMA) responses. However, median survival times were 56 weeks for 60 patients with newly diagnosed GBM and 52 months for 79 patients with anaplastic astrocytoma (AA), which did not represent a major improvement over conventional survival rates. Crombet et al 59 reported a phase I clinical trial utilizing a neutralizing anti-EGFR antibody compared with the radioisotope conjugates described earlier. Nine patients with active or recurrent gliomas or meningiomas were treated with intravenous doses of antibody. No objective responses to treatment were noted, and 1 patient developed a severe grade 4 allergic adverse response. Overall, experiences with EGFR targeting have not resulted in the same promising results that have been achieved with antitenascin therapy. Additionally, the widespread expression of EGFR makes its use as a therapeutically relevant treatment target highly questionable. However, a mutant variant of EGFR, designated EGFRvIII, has been identified in up to 50% of gliomas. 57 The mutation consists of an inframe deletion of certain NH 2 -terminal residues from the extracellular domain of EGFR, resulting in a unique variant that is specifically expressed in gliomas. Sampson et al 47 described the successful use of an anti-EGFRvIII antibody in treating murine intracranial EGFRvIII overexpressing melanomas. Thus, the development of specific antibody-mediated targeting of EGFRvIII as a specific means of delivering tumor toxic payloads to glioma is promising as a treatment option for intracranial brain tumors.
Despite some encouraging results from clinical trials utilizing anti-tenascin antibodies, the use of passive serologic immunotherapy is hampered by several key limitations. The failure to locate a unique tumor cell-surface protein with critical downstream survival-related function may eventually limit the utility of this therapeutic modality. The identification of EGFRvIII, as a glioma-specific variant of EGFR has been promising. However, it is unknown whether this mutant receptor plays any significant role in tumor cell survival, and the use of tumor surface antigens solely for targeted delivery of toxic radioisotopes in the brain remains a potentially contentious issue due to the possibility of long-term CNS toxicity. Additionally, given the significant cellular heterogeneity in gliomas, it is unclear whether a solitary antigen may ever suffice as a viable target for any form of immunotherapy.
Adoptive Immunotherapy
Adoptive immune therapies transfer potentially tumoricidal T-cell populations into glioma-bearing hosts. Specific protocols have utilized either systemic infusion or local intracerebral inoculation as a means to deliver these cells to brain tumors. Initial approaches to adoptive cellular therapy involved the placement of autologous but nonactivated immune cells, using either intratumoral [60] [61] [62] or intrathecal [63] [64] [65] administration. Subsequent studies combined this approach with the administration of interferon, 66 ,67 but these strategies did not yield promising results. The identification of IL-2 as a potent T-cell growth factor led to the development of LAK cell-based adoptive therapies. LAK cells are peripherally isolated populations of lymphocytes capable of lysing NK cell-resistant tumor targets in vitro following stimulation with IL-2. 68 LAK cells are polyclonal in that their activation is nonspecific and not directed toward any particular tumor antigen(s). The use of LAK cells for the treatment of glioma has been investigated extensively, generally with transplantation of these cells into the post resection surgical cavity. 69 Hayes et al 70 reported encouraging results in 19 patients with GBM and AA treated with a combination of LAK cells and IL-2. Complete responses to treatment were observed in 1 patient with GBM and another with AA. Additionally, median survival for patients with GBM was 53 weeks following reoperation compared with 25.5 weeks for a matched control group that received chemotherapy postsurgery. Despite these encouraging results, other trials did not produce similar success, 71 and significant toxicity was also described in one study. 72 Subsequent investigations focused on the adoptive transfer of more specific T-cell populations. Initial attempts to therapeutically utilize "presensitized" tumorinfiltrating lymphocyte populations did not meet with much success, 73 although one clinical report by Quattrocchi and colleagues 74 described a somewhat encouraging outcome. However, in retrospect, the lack of a consistently encouraging outcome was predictable, given the multiple immune defects that have been observed in gliomainfiltrating immune cells, which may be secondary to inherent defects in the tumor-infiltrating lymphocytes themselves or a result of the action of glioma-elaborated immunosuppressive factors on these isolated populations. Further investigations involved the inoculation of ex vivo sensitized lymphocytes isolated from tumor-draining lymph nodes, which proved more encouraging in preclinical rodent studies. 75, 76 Initial protocols utilized glioma cells to stimulate isolated lymphocyte populations in vitro. 77 More recently, Plautz and Shu 78 described the use of anti-CD3 antibodies and bacterial superantigens to directly stimulate T-cell activation. This approach was utilized in a clinical trial for glioma patients and used in conjunction with an autologous tumor cell vaccine. Results were encouraging, with 4 of 12 treated patients demonstrating partial tumor regression. 79 Kruse et al 80 forwarded an alternate approach utilizing allogeneic rather than autologous T-cell populations for adoptive transfer as a treatment for gliomas. This strategy is based on the rationale that MHC-mismatched cytotoxic T lymphocytes (CTLs) will produce a more potent tumoricidal response and has been validated by these investigators in preclinical studies. However, subsequent assessment of this strategy in a clinical setting has not proven as promising. 81 The ability of these approaches to adequately generate tumor-specific T-cell clones is questionable since it is now known that antigen-specific T-cell activation results from a complex pathway involving not only the T-cell receptor (CD3 antigen), but also essential co-stimulatory signals that can be adequately provided only by professional APCs. Additionally, the harvest and ex vivo activation of lymphocytes from glioma patients is inherently problematic, given the plethora of T-cell defects that have been documented in these cases. Although popular during the early days of glioma immunotherapy, there has been increasing evidence justifying an evolution away from the nonspecific nature of adoptive cell transfer toward more targeted immunotherapeutic approaches using active vaccination protocols that can elicit tumordirected T-cell responses in vivo. As demonstrated by Plautz et al, 79 the use of adoptive transfer strategies may still be relevant if used in combination with active immunotherapeutic approaches.
Cytokine Therapy
The identification of cytokines -key effector molecules responsible for initiating, supporting, or blunting specific immune pathways -led to the assumption that the ther-apeutic application of these chemokines could potentiate immune surveillance and induce cell-mediated antitumor immunity. The use of cytokine therapy for cancer has received considerable attention since then, with the use of a variety of agents in a wide range of neoplastic models. With particular regard to glioma immunotherapy, much attention has focused on cytokines involved in the promotion of antitumor T-cell activity. These have included IL-2, 82,83 IL-4, 84,85 the interferons (IFN-α, -β, and -γ), [86] [87] [88] and IL-12, 6,89 among others. In addition, several studies have attempted to enhance the immunogenicity of in vivo glioma cells by treating with cytokines such as tumor necrosis factor-alpha (TNF-α) or IFN-γ, which induce upregulation of cell-surface MHC, thereby increasing "visibility" of the tumor cells to the immune system. 4, 90 Cytokines such as TNF-α and its associated chemokine TRAIL (TNF-related apoptosis-inducing ligand) have also been utilized to induce direct tumor cell death, usually by means of triggering apoptotic cascades specifically within neoplastic cells. [91] [92] [93] [94] Roles for certain cytokines including IFN-γ have also been described in inhibiting intracranial tumor-induced neovascularization. 95 The use of cytokines was initially investigated utilizing systemic recombinant cytokine therapy as a means of delivering a high, potent dose to stimulate strong tumoricidal responses. This strategy, although highly effective at eradicating tumors in rodents, 96, 97 has generally been of limited applicability in human cancers due to either issues of toxicity or subtherapeutic half-life. 98, 99 For malignant brain tumors, the use of cytokine therapy must also take into account the privileged status of the central nervous system vis-à-vis the blood-brain barrier (BBB). Given these limitations, recent strategies employing cytokine therapy have evolved toward locoregional delivery paradigms that can circumvent the physiologic and pharmacokinetic barriers associated with earlier strategies.
One of the first cytokines to be studied in the setting of gliomas was IL-2, an important T-cell growth factor involved in the proliferation of CD8 + T cells and modulation of their cytotoxic activity. Various early in vitro studies supported a rationale for the use of IL-2 in patients with malignant brain tumors. This rationale was based largely on the ability of IL-2 to block the T-cell depressing capacities of TFG-β, thought to be a key glioma-elaborated immunosuppressive chemokine. [100] [101] [102] Early clinical trials utilizing IL-2 for patients with glioma, frequently in combination with nonspecific LAK therapy, did not meet with much success. 66, 72, 103, 104 These attempts involved systemic, intrathecal, and intratumoral administration of cytokine. CNS toxicity, including the development of cerebral edema secondary to IL-2 mediated increases in vascular permeability, were found to play a significant role in limiting the dose of cytokine that could be administered. 103 Several clinical trials have also focused on the use of IFN-α 105-107 and IFN-β, 87, 108, 109 often in addition to either radiation therapy or chemotherapy. One study reported up to 50% of treated patients demonstrating stable disease or tumor regression, 109 but subsequent trials did not yield encouraging results. 86 Additionally, many of the initial interferon trials were not well designed, and lack of uniformity regarding patient selection, imaging analysis, and tumor grading made it difficult to objectively assess whether the responses reported could truly be attributed to cytokine therapy.
Early trials revealed the limitations of recombinant cytokine therapy related to issues of toxicity and short half-life. An attempt to address these concerns was made by engineering cells, using gene transfer techniques, to secrete relevant cytokines directly. These cells could then be transplanted into intracranial tumors, achieving a steady level and long-lasting localized production of cytokine, thereby circumventing the need to administer recombinant protein. Yu et al 85 described such a therapy involving engineered glioma cells secreting IL-4 inoculated into human glioma xenografts established in athymic T-cell incompetent rodents. Subsequently, Glick and colleagues 82 described the use of intratumorally administered IL-2-secreting fibroblasts in a GL261 rodent glioma model, with considerable therapeutic success. More recently, strategies based on gene therapy have evolved that utilize direct intratumoral cytokine gene transfer into intracranial gliomas, usually by means of engineered, cytokine genebearing attenuated viral vectors. This modality has the advantage of delivering high viral titers into the tumor bed with efficient subsequent infection and cytokine secretion by tumor tissue, and it obviates the concern of immune rejection of transplanted allogeneic cytokine-secreting cells. Benedetti and colleagues 84 described the use of retroviral-based delivery of IL-4, a supporter of Th2-mediated humoral immunity, in rodent gliomas. Subsequently, the uses of gene therapy approaches to deliver IL-12, a powerful stimulator of Th1-based antitumor cytotoxic immune responses, and the pluripotent immunomodulatory cytokines TNF-α and IFN-γ to enhance tumor-cell immunogenicity, have been described. 4, 6 Also, a role for retrovirally transduced glioma cells producing macrophage colony-stimulating factor (M-CSF) has been described. 110 These therapies have yielded encouraging preclinical results with clear evidence confirming the development of potent tumoricidal immunity. Recently, cell-based cytokine delivery paradigms have again come to light with the development of neural stem cell (NSC)-based delivery systems. NSCs are capable of exhibiting potent intracranial migratory activity and are tropic for migrating glioma microsatellites as they disseminate through the brain. Cytokine-secreting NSCs are therefore capable of tracking and delivering tumoricidal payloads directly to these neoplastic reservoirs. This targeted delivery represents a novel strategy that specifically addresses the highly invasive and disseminated nature of intracranial gliomas, a key factor that has limited the efficacy of most experimental and clinical therapies for this disease . Fig 2A-D. -(A 
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Benedetti et al 111 first described the use of IL-4-secreting NSCs for the treatment of experimental rodent gliomas. Although of significant therapeutic benefit, the authors did not demonstrate a strong tropism of their transplanted cells for migrating glioma. More recently, we reported the use of IL-12 112 and TRAIL 113 secreting NSCs in experimental glioma models comprising of intracranial GL26 tumors in C57Bl/6 mice and U343 human glioma xenografts in athymic nude mice, respectively. These studies demonstrated comprehensively that NSCs were able to track glioma cells and exhibited tropism for tumor even when inoculated contralateral to established tumors (Fig 2) . NSC-secreted cytokines could be specifically delivered to both the main tumor mass and tumor outgrowths or satellites, resulting in potent antitumor responses. These were evidenced by robust T-cell infiltration leading to enhanced long-term survival with NSC-mediated IL-12 therapy and the induction of almost complete tumor-cell apoptosis by TRAIL (Fig 3) .
Cytokines have proven to be potent mediators of antitumor immunity. Overall, the use of cytokines for the treatment of gliomas has produced mixed results. The initial preclinical successes utilizing systemic or local delivery of recombinant cytokines failed to adequately translate into clinical benefit. Subsequently, the development of enhanced delivery systems comprising of cell-based, gene therapy-based or, more recently, NSC-based approaches may circumvent the physiologic and pharmacokinetic limiting factors of earlier strategies.
Active Immunotherapy to Initiate T-Cell-Mediated Antitumor Immunity
Even though humoral immunity may have therapeutic relevance, substantial evidence has accumulated that implicates cytotoxic T cells as being crucial to the generation of effective antitumor immune responses. 114, 115 This recognition spurred the search for treatment modalities that could boost tumor-directed T-cell responses. Although nonspecific cytokine therapy is capable of supporting and enhancing T-cell activity, 116 the generation of effective antitumor immunity requires presentation of tumor antigen(s) to naive T cells that then undergo activation and clonal expansion and ultimately exert their cytolytic tumoricidal effector function. Additionally,T-cell activation eventually leads to the generation of memory cells that confer longlasting antitumor immunity, a cardinal feature of a successful acquired immune response. Adoptive cell transfer of in vitro expanded and sensitized T cells, although successful in some studies at inducing responses in patients with glioma, does not meet the criteria for the true generation of antitumor T-cell immunity, given its lack of specificity and inability to generate memory. Therefore, the challenge in developing therapeutic models to boost tumor-specific T-cell responses has been in identifying and successfully presenting immunogenically relevant tumor antigens to T cells in vivo. Appropriate tumor-associated antigens (TAAs) have now been described for a variety of cancers. Clinical vaccination paradigms involving the use of TAAs to sensitize T cells against melanoma and prostate carcinoma have produced promising results. 117, 118 Although gliomas have been shown to produce some of the melanoma-related TAAs such as gp100,TRP-2, or MAGE-1 in varying degrees, 119 the immunologic significance of this expression remains unclear since the expression of these proteins may be a vestige of the shared neuroectodermal origin of glia and melanocytes and may not have the same quantitative and qualitative distribution in gliomas as they do in melanomas. Therefore, a key limiting factor in the setting of primary malignant brain tumors remains the inability to identify any glioma-specific, immunogenically relevant tumor antigens. Additionally, given the highly aggressive histologic grade of most primary gliomas and the resulting significant cellular heterogeneity, it is unclear whether the definition of a single -or even several -specific antigen(s) would be sufficient to successfully immunize patients against the entire tumor, as has been demonstrated with comparatively indolent neoplasms such as melanoma. 118 In lieu of effective TAAs, vaccination strategies have utilized either irradiated whole tumor cells or dendritic cells (DCs) pulsed with nonspecific tumorderived peptides/lysate as modalities to present a broad range of tumor antigens to T cells in vivo in the hope that presentation of certain (as of yet unknown) immunogenically relevant tumor antigens might stimulate effective antitumor T-cell immunity.
Initial vaccination strategies for glioma utilized subcutaneous, growth-arrested whole-tumor cell inoculation. The immunogenicity of the vaccinated tumor cells was usually potentiated by engineering the vaccinated tumor cells to secrete immunostimulatory cytokines. Herrlinger et al 7 and Yu et al 120 described preclinical vaccination models utilizing GM-CSF-secreting glioma cells as an effective means of eliciting antitumor immunity and protecting rodents against subsequent tumor rechallenge. An early clinical report of a patient with GMB, Sobol and colleagues 121 reported that vaccination using a mixture of irradiated autologous tumor cells with IL-2-secreting fibroblasts resulted in marked tumor necrosis and an increase in CD8 + T-cell-mediated antitumor immunity. Subsequently, Holladay et al 122 tested an irradiated autologous tumor vaccine in 15 patients with recurrent gliomas following surgical resection of the main tumor mass. Immunogenicity of the vaccine was enhanced by mixing tumor cells with bacillus Calmette-Guérin (BCG). This vaccination therapy was combined with intravenous adoptive transfer of predominately CD4 + T cells that had been expanded in vitro in the presence of irradiated tumor. Additionally, most patients received systemic IL-2 therapy. The authors reported partial responses to therapy in 7 of 15 patients and the development of delayed-type hypersensitivity in all vaccine recipients. More recently, Plautz et al 79 described the use of autologous irradiated tumor cell vaccines admixed with GM-CSF. This study also combined the vaccination paradigm with adoptive T-cell transfer by intravenous infusion of in vitro expanded T cells that were isolated from lymph nodes draining the vaccination site and cultured with staphylococcal enterotoxin. In this study,4 of 12 vaccinated patients demonstrated partial regression of treated tumor, and the treatment was not associated with any severe adverse effects. Recent evidence has also come to light that tumor-cell based vaccination paradigms may, in fact,lead to accelerated tumor growth secondary to the generation of myeloid suppressor cells. 123, 124 Although promising data has been obtained from tumor-cell based vaccination strategies, the main caveat of this approach centers on the poor inherent antigen-presenting capacity of glioma cells. Despite attempts to augment their APC function by either overexpressing known APC function related surface molecules or by admixing tumor-cell vaccines with known APC stimulating adjuvants, there is now considerable evidence to support the contention that the use of professional APCs to initiate tumor-specific T-cell responses may be a more promising strategy for cancer vaccination. In particular, therapeutic strategies involving DCs, the most potent of the APCs, have 
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received increasing attention. Theoretically, DC-mediated antigen presentation should be far more effective than using irradiated tumor cells, as DCs abundantly express many of the co-stimulatory molecules that are essential for appropriate activation of naive T cells. Also, they have the ability to efficiently process and present antigenic peptides in combination with cell-surface MHC. 125 Following successful reports describing the efficacy of DC-based vaccination in extracranial experimental neoplastic models, 126 Liau and colleagues 5 described the successful treatment of established intracranial gliomas in rats treated with tumor-peptide-pulsed DC vaccination. Subsequently,Yu et al 119 described the use of a DC vaccine in a phase I clinical trial involving patients with newly diagnosed high-grade glioma. DCs cultured out from patients' peripheral blood mononuclear cells (PBMCs) were pulsed ex vivo with autologous tumor cell surface peptides isolated by means of acid-elution. Nine patients (2 with grade 3 astrocytoma and 7 with GBM) received a series of three such intradermal DC vaccinations following surgical resection and external beam radiotherapy (Table) . Antitumor cytoxicity, as determined by exposing PBMCs to autologous tumor targets as part of a JAM assay, was detectable in 4 patients. Radiologic evidence of disease progression was detected in 4 patients, who then underwent reoperation subsequent to the third DC vaccination. In 2 patients, the harvested tissue demonstrated robust infiltration with CD8 + and CD45RO + T cells, which was not apparent in the same patients' tumor specimens resected prior to initiation of the vaccination protocol (Fig 4) . Additionally, long-term survival in the study group was compared to survival data from age-and gendermatched controls with similar disease who underwent surgical resection with external beam radiotherapy. The median survival for the study group was 455 days vs 257 days for the control population, indicating that DC vaccination may confer some survival benefit. These data indicated that DC vaccination in malignant brain tumor patients was safe and effective in stimulating antitumor immune responses as assessed by peripheral cytotoxicity assays and intratumoral T-cell infiltration. These encouraging results led to the expansion of this study into phase II trials, which are currently underway.
In the setting of brain tumors, currently employed treatment strategies utilizing DCs are based on the loading of these cells with tumor-derived proteins ex vivo, as described above. This necessitates the surgical resection of a sufficient quantity of tumor tissue to serve as an antigenic source for DC priming. Therefore, the applicability of current DC vaccination paradigms is limited in situations where open resection of tumor is precluded as a result of surgical inaccessibility. Additionally, recent evidence has demonstrated that a physical interaction between DCs and tumor cells may be fundamental for the induction of therapeutically effective immunity 127 and that DCs are capable of processing apoptotic tumor cells to induce CTL activity. 128, 129 Given these factors, we hypothesized that the intratumoral administration of DCs in the context of radiotherapy to induce tumor cell death may prove a feasible strategy to enhance in vivo gliomaspecific antigen presentation to the immune system. This methodology would bypass the cumbersome process of ex vivo DCs pulsing with tumor antigens and would circumvent the requirement of resecting tumor tissue before vaccination therapy. Therefore, we designed and tested a novel therapy involving the direct inoculation of immature bone marrow-derived DCs into established intracranial gliomas in rats. 37 Implanted gliomas had been partially irradiated to simulate neoplastic cell death associated with clinical radiotherapy and to provide an appropriate antigenic source for DC priming. We found that intracranially inoculated DCs could drain to deep cervical lymph nodes and elicit systemic antitumor cytotoxic immunity. This was associated with robust intratumoral Tcell infiltration, inhibition of glioma growth, and prolongation in survival compared to monocyte treated controls (Fig 5) . These results indicate that placing immature DCs in direct contact with partially apoptotic tumor may serve as an effective means of stimulating antitumor immunity, eventually leading to tumor rejection and immune memory. In particular, this strategy may be of particular benefit in patients with surgically inaccessible brain tumors who can be treated with radiotherapy. Kikuchi and colleagues 130 also recently described a similar intracranial DC vaccination strategy employing the inoculation of immature DC into partially irradiated intracranial gliomas, with encouraging results.
As part of a strategy to improve DC-mediated tumor antigen presentation by means of enhancing tumor cell-APC interaction, Akasaki et al 131 vaccinated DC-glioma fusion cells in intracranial glioma-bearing mice. This therapy significantly inhibited intracranial glioma growth and resulted in markedly enhanced survival in treated animals. These results were accompanied by a strong increase in specific antitumor CTL activity. Subsequently, Kikuchi and colleagues 132 employed this methodology in a phase I clinical trial. Eight patients (5 with GBM, 2 with grade 3 astrocytoma, and 1 with anaplastic oligodendroglioma) were treated with a series of between 3 and 7 peripheral intradermal vaccinations of DC-autologous glioma fusion cells. No significant increase in tumor-specific CTL activity was noted, and only minor and temporary responses to therapy were detected in 2 patients who subsequently developed progressive disease. The authors speculated that the disappointing results seen in clinical use of their therapy may have resulted from a change in the profile of tumorexpressed immunogenic antigens during their in vitro glioma cell culture process, rendering their fusion vaccines ineffective against the residual primary or recurrent tumor cells in vivo. Conceivably, this was not a factor in their earlier preclinical study, 131 which utilized a uniform immortalized glioma cell line not subject to the same degree of in vitro selection pressures as the primary glioma explants used in their clinical trial.
In summary, the use of a treatment strategy to boost antitumor T-cell responses may prove to be the most effective immunomodulatory treatment modality for glioma. The key to the therapeutic success of this strategy will lie in eliciting an antiglioma immune response of sufficient potency and specificity in order to eliminate all residual tumor burden remaining following primary surgical resection and radiotherapy or chemotherapy. Based on the demonstrated ability of DCs to powerfully initiate specific activation of naive T cells, the use of professional APCs such as DCs to present tumor proteins in vivo may be the most appropriate way to stimulate tumoricidal T-cell responses. In addition, the identification of a panel of immunologically relevant TAAs specific for glioma may make the process more effective. However, even in the absence of clearly defined TAAs, optimizing the delivery methodology for DCs by facilitating tumor cell-APC interaction in vivo may still allow for the generation of potent antitumor T-cell responses. 
Future Directions and Challenges
Given the poor prognoses associated with high-grade intracranial gliomas, there is an urgent need for the development of therapies that can improve clinical survival rates.
In this regard, the development of immunotherapeutic treatment strategies for gliomas is an attractive option,given the potential of the immune system to serve as a powerful means of eliminating residual neoplastic infiltrates following primary surgery, radiotherapy, and/or chemotherapy. However, the field is faced with significant challenges, including the need to further understand the complex immunosuppressive mechanisms employed by gliomas to blunt endogenous immune recognition and clearance. The identification of certain important chemokines such as TGF-β that are involved in this process has led to the development of various treatment strategies (exemplified by TGF-β antisense therapy 133 ) focused on overcoming tumorinduced immune defects. It has become clear that gliomaassociated immune suppression is mediated by a plethora of secreted and tumor cell-surface expressed factors. A better understanding of these mediators and their relevant biological mechanisms may eventually allow for more comprehensive and better-targeted therapies.
An additional factor limiting the effectiveness of serologic and tumor-specific vaccination protocols has been the difficulty in isolating true glioma-specific tumor antigen(s). The identification of EGFRvIII 57 and, more recently, a mutated form of the alpha 2 chain of the IL-13 receptor 134 on gliomas has been encouraging. However, the high degree of cellular heterogeneity within these tumors makes it unclear how relevant these antigens will be for effective use as immunotherapeutic targets. Additionally, gliomas have been shown to express certain melanomaassociated antigens in various degrees. 119 Again, the immunologic significance of this expression, as well as the extent to which it can be relied on as a tumor-specific trait for vaccine development, is unknown and untested. It is encouraging to note that Okano and colleagues 135 recently identified a MHC class I-restricted CTL epitope within the mutated alpha 2 IL-13 receptor chain found in gliomas. This may indicate that the use of this antigen may yet hold promise as an immunologic target. Recently, however, a novel concept termed immunoediting has been developed to describe the ability of small, immunetherapy-resistant populations of tumor cells within a heterogenous neoplasm to expand preferentially in response to selection pressures applied by endogenous immune surveillance or targeted immunotherapy. 9 This implies that the specific immunotherapeutic targeting of one or several immunogenic antigens in a heterogenic glioma cell population may effectively select out for neoplastic population negative for those particular traits, thereby preventing any significant impact on long-term tumor burden or survival. This concept has potentially important ramifications and could indicate that the use of whole tumor lysate/peptides may indeed be beneficial in comparison to the use of specific-tumor antigens.
With regard to active vaccination protocols, it has become clear that the use of professional APCs, such as DCs, is key for potentiating effective antitumor T-cell responses. In order to refine DC-based immunotherapy for glioma, it will be important to optimize the route of delivery for DC vaccines. Clinical use of peripheral DC therapy has been encouraging. 119 However, recent reports indicate that intraglioma administration of DCs is also beneficial 37, 130 and may be particularly relevant in situations where sufficient quantities of autologous tumor cannot be surgically harvested. Additionally, the methodology of DC antigen loading will also have to be optimized, with either ex vivo tumor lysate/peptide pulsing or the uptake of apoptotic tumor cells in vivo following tumor irradiation. The ability of DC to activate tumoricidal T-cell responses may also depend on other factors governing the state of DC maturation and activation. It is well known that immature DCs are more effective at uptake of tumor antigen and mature DCs are better at presenting processed antigen to T cells. 125 However, recent evidence indicates that glioma-associated immunosuppressive cues may skew the DC maturation process so as to inhibit their ability to support Th1-mediated T-cell activity (Y. Akasaki, MD, unpublished data, 2004). A better understanding of DC biology in the setting of glioma-induced immunosuppression, the optimization of route of vaccination, and the methodology of DC priming will be key in the development of better active vaccination paradigms.
Conclusions
Given the complex and divergent mechanisms with which gliomas evade immune clearance, an effective treatment paradigm for malignant gliomas may eventually require a multifaceted approach combining two or more different immunotherapeutic strategies. Such scenarios may involve the use of local cytokine gene therapy to enhance glioma-cell immunogenicity in conjunction with DC-based active vaccination to stimulate systemic tumoricidal T-cell immunity. Additionally, given the heterogeneity of this disease process and the potential risk of immunoediting out a selected, treatment-refractory tumor cell population, the concurrent use of multiple modalities that target disparate tumor characteristics may prove to be of greatest therapeutic relevance.
